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In t roduc t ion  
The h e a r t  of t h e  Space S h u t t l e  Main Engine (SSME) i s  
a s e t  of turbopumps t h a t  propel  cryogenic f l u i d s  a t  
very  h igh  p re s su res  and flow rates, a t  r o t o r  speeds 
up t o  37,000 rpm, The i n t e r a c t i o n  and phase r e l a -  
t i o n s  between t h e  r o t o r ' s  e l a s t i c  and i n e r t i a l  f o r c e s  
w i th  f l u i d  r e s t o r i n g  and damping f o r c e s  i s  a p t  t o  
g ive  rise t o  subsynchronous w h i r l ,  a type  of s e l f -  
exc i t ed  v i b r a t i o n  a t  f requencies  near  t h e  lowest  
c r i t i c a l  frequency of t h e  r o t o r .  This  p o t e n t i a l l y  
d e s t r u c t i v e  dynamic phenomenon imposes l i m i t s  on t h e  
performance of t h e  engine. 
Bushing seals t h a t  cause t h e  flow i n  t h e  f l u i d  f i l m  
t o  become tu rbu len t ,  by means of a m u l t i p l i c i t y  of 
pockets ,  have been shown t h e o r e t i c a l l y ,  Reference 1, 
no t  on ly  t o  i n h i b i t  subsynchronous w h i r l ,  b u t  t o  re- 
duce leakage a s  w e l l .  However, experimental  d a t a  
t h a t  r e l a t e  t h e s e  two d e s i r a b l e  c h a r a c t e r i s t i c s  t o  
such parameters a s  pocket depth,  Reynolds number 
(based on c l ea rance  and a x i a l  flow r a t e ) ,  and r o t a t -  
ing speed a r e  l imi t ed .  
To o b t a i n  t h e  requi red  d a t a ,  NASA's Marshall  Space 
F l i g h t  Center (MSFC) commissioned Wyle Labora tor ies  
t o  des ign ,  b u i l d  and ope ra t e  a test r i g  i n  which t h e  
damping e f f i c a c y  and leakage reduct ion  of t y p i c a l  
candida te  s e a l s  a r e  t o  be  evaluated.  Experimental 
condi t ions  w i l l  e i t h e r  reproduce opera t ing  condi- 
t i o n s ,  such a s  r o t a t i n g  speed and s e a l  geometry, o r  
w i l l  be  r e l a t a b l e  t o  them, such as Reynolds Number 
and dynamic c h a r a c t e r i s t i c s .  
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Experimental Design 
Rotor Dynamics 
Normally, a f l e x i b l e  r o t o r  tu rns  i n  r i g i d  s e a l s  and 
bearings. Here, t h e  t e s t  setup order is  reversed: 
a s o f t l y  suspended bushing moves about a s t i f f  ro to r .  
The damping seal responds s imi la r ly  i n  e i t h e r  case, 
by inducing, with t h e  f l u i d  f i lm s t i f f n e s s ,  damping, 
mass, and whi r l  c ross  coupling e f f e c t s .  The mass of 
the  damping s e a l  bushing i s  suspended agains t  t h e  
r o t o r  by the  f l u i d  f i lm s t i f f n e s s .  The gap flow is 
established by a x i a l  pressure d i f ference  and by t h e  
Couette flow from the  s h a f t  ro ta t ion .  Dynamically, 
the  r e a l  and t e s t  systems a r e  analogous. 
Seal  Test Configuration 
Two pr inc ipa l  object ives  determined the  design of t h e  
Damping Seal  Test Rig: minimization of r i s k ,  and re- 
duction of va r iab les  i n  t h e  machinery. To a t t a i n  t h e  
f i r s t  of these, water was subs t i tu ted  f o r  cryogenic 
f l u i d s ,  a s  t h e  substance most near ly  comparable with 
respect  t o  s p e c i f i c  g rav i ty  and v i scos i ty .  
Simplif icat ion was achieved by replacing t h e  f l e x i b l e  
ro to r  and r i g i d l y  mounted s e a l  by a r i g i d  s h a f t  ( i .e .  
one with a c r i t i c a l  speed above t h e  highest  operat ing 
speed) and a s e a l  v i r t u a l l y  unrestrained i n  a plane 
normal t o  t h e  s h a f t  a x i s ,  but ,  obviously, prevented 
from . ro ta t ion  due t o  c i rcumferent ia l  viscous shear 
forces.  The e f f e c t  of s h a f t  bending s t i f f n e s s  is 
eliminated, and the  only fo rces  ac t ing on t h e  s e a l  
a r e  those due t o  i t s  mass, and t h e  f l u i d  f i lm.  I n  
con t ras t  t o  t h e  a c t u a l  turbopump, t h e  s h a f t  is  ex- 
t e r n a l l y  driven. 
Experimental Variables 
Seal: The s e a l  t o  be t e s ted  is  shown i n  Fig ,  1. 
It has a length of 1.8 in .  and f i t s  a s h a f t  with a 
diameter of 3 . 6  i n .  The i n s i d e  surface  i s  machined 
i n  a pa t t e rn  consist ing of right-angle t r i a n g l e s  
separated by lands .020 in .  wide. Four s e a l s  a r e  t o  
be r e t e s t e d ,  th ree  with p ~ c k e t  depths of .020, .040 
and -100 in. ,  respect ively ,  and a smooth s e a l  f o r  
comparison. 
Flow Rates: Axial flow r a t e s  through the  s e a l  
w i l l  be var ied  from f u l l  through 112, 114, 118 and 
1/16, f o r  a t o t a l  of f i v e  conditions. 
Reynolds Number: A l l  twenty configurat ions of 
pocket depth and flow r a t e s  a r e  t o  be t e s ted  a t  two 
maximum flow r a t e  s e t t i n g s ,  based on Reynolds Numbers 
of 100,000 and 200,000. The absolute  v i s c o s i t y  of 
water can be var ied  only through r a t h e r  narrow l i m i t s ,  
by a f a c t o r  of approximately 2 ,  i f  one el iminates the  
need f o r  cos t ly  cooling f a c i l i t i e s  and keeps the  
highest  i n l e t  temperature low enough t o  prevent 
f lashing of t h e  pressurized water emerging from the  
sea l .  
Of t h e  two remaining va r iab les  i n  the  Reynolds Num- 
ber ,  the  a x i a l  flow ve loc i ty  through the  s e a l  i s  
speci f ied  t o  l i e  between 75% and 125% of t h e  s h a f t  
surface  ve loc i ty  a t  36,000 rpm, o r  5089 t o  8432 in .  / 
sec. A l l  but  t h e  lowest of these values were found 
t o  be impractical  because of the  high pressures re- 
quired t o  overcome f l u i d  f r i c t i o n  i n  t h e  s e a l ,  
entrance and discharge losses .  Concern was f e l t  over 
po ten t i a l  problems due t o  deformation of t h e  s h a f t  
s e a l s  a t  pressures much above 2000 p s i ,  a s  well  a s  
the  high leakage flow r a t e s  through these  seals a t  
high pressures,  which would increase  the  already high 
flow requirements beyond p r a c t i c a l  l i m i t s .  
Reduction i n  the  damping s e a l  gap width, a s  a means 
of lowering flow, was precluded by t h e  high tempera- 
tu res  required t o  achieve t h e  speci f ied  Reynolds Num- 
bers.  These considerat ions narrowed t h e  f e a s i b l e  gap 
widths t o  .015 t o  .025 i n .  Because of t h e  cos t  of t h e  
s e a l s ,  and of the  assembly and disassembly, a s i n g l e  
gap width of .020 was se lec ted .  The r e s u l t i n g  maxi- 
mum calcula ted  entrance pressure  is  2150 p s i ,  and t h e  
flow r a t e ,  299 gpm, excluding leakage through the  
s h a f t  s e a l s  t h a t  must contain t h i s  pressure,  i n  addi- 
t i o n  t o  t h e  e x i t  pressure.  I n l e t  temperatures f o r  t h e  
two Reynolds Numbers a t  maximum flow a r e  108 and 183 
degrees F. A l l  ca lcula ted  values a r e  based on the  
smooth sea l .  The s e a l  ana lys i s  is derived from Ref- 
erence 2 .  
Test Method 
With water flowing through the  s e a l ,  and t h e  s h a f t  
ro ta t ing ,  t h e  seal c a r r i e r  i s  forced off  center  and 
released.  Its subsequent motions a r e  measured, i n  
two orthogonal d i rec t ions ,  by two proximity probes 
with respect  t o  t h e  s h a f t ,  and i n  i n e r t i a l  space by 
two accelerometers. The fo rce  required t o  decenter 
the  s h a f t  is  a l s o  measured t o  g ive  t h e  s t a t i c  spring 
r a t e  and cross  coupling coef f i c ien t .  Damping coeff i -  
c i en t s  a r e  derived from t h e  amplitudes and phase re- 
l a t i o n s  of the  s e a l  motion i n  the  plane normal t o  the  
sha f t  axis .  
Test Setup 
The damping s e a l  t e s t  setup comprises th ree  major sub- 
systems: The test r i g ,  test r i g  dr ive ,  and pressur- 
ized water supply, 
Test R i g  
The hear t  of t h e  test r i g  is the  s e a l  suspension 
assembly, shown i n  Fig. 2,  with the  housing, s h a f t  
s e a l s  and water passages removed f o r  c l a r i t y .  The 
cy l indr ica l  damping s e a l  c a r r i e r  has f langes  a t  both 
ends which a r e  captured between water-lubricated 
l ~ y d r o s t a t i c  t h r u s t  bearings t h a t  a l s o  a c t  a s  sea l s .  
The recesses  i n  the  t h r u s t  bearings a r e  supplied 
through o r i f i c e  r e s t r i c t o r s  t h a t  maintain near ly  con- 
s t a n t  f i lm thickness i n  the  presence of supply pres- 
sure  va r ia t ions .  The upstream t h r u s t  bearing i s  sup- 
p l i ed  from t h e  i n l e t  pressure,  with connecting pas- 
sages leading through the  chamber wa l l  t o  the  down- 
stream bearing, thus ensuring t h r u s t  balance over a 
range of i n l e t  pressures.  The downstream bearing 
c a r r i e s  a g rea te r  t h r u s t  load, due t o  the  unbalanced 
a r e a  of t h e  damping seal. Bearirlg f i lm thicknesses 
are of t h e  order of one hal f  m i l , ,  
The hydros ta t i c  t h r u s t  bearings const ra in  t h e  s e a l  
c a r r i e r  t o  r a d i a l  displacements i n  a plane normal t o  
t h e  s h a f t  axis .  To r e s t r a i n  r o t a t i o n  of t h e  s e a l ,  t h e  
s e a l  c a r r i e r  i s  connected by two p a r a l l e l  l i n k s  with 
spher ica l  bearings t o  two s h o r t  can t i l ever  lugs on a 
torque bar  which i s  mounted i n  bearings on the  test 
r i g  housing. The kinematics of t h i s  mechanism allow 
f r e e  r a d i a l  movement of t h e  s e a l  i n  any d i rec t ion ,  
through a combination of r o t a t i o n  of the  torque bar  
about i t s  ax i s ,  and i n c l i n a t i o n  of t h e  l inks .  How- 
ever,  t h e  f l u i d  torque app l i es  a couple t o  the  l i n k s  
which i s  r e s i s t e d  by t h e  to r s iona l  s t i f f n e s s  of t h e  
torque bar. 
The same mechanism is used t o  p u l l  t h e  s e a l  off  center  
and re lease  it, so  as t o  i n i t i a t e  t h e  o s c i l l a t i o n s  
mentioned above. A cam follower mounted on an arm a t  
t h e  end of t h e  torque bar i s  engaged by a cam, driven 
by a small e l e c t r i c  motor through a high gear reduc- 
t i o n  (not shown). Rotation of t h e  cam i s  stopped by 
a l i m i t  switch t h e  follower of which r i d e s  on a second 
cam shaped t o  allow one revolution only. A t h i r d  cam 
cocks a r e l e a s e  mechanism which does not permit t h e  
s e a l  t o  move u n t i l  t h e  f i r s t  cam follower i s  f r e e  of 
i ts  cam surface;  t h i s  prevents t h e  s e a l  from being 
slowed i n  i ts  rapid  r e t u r n  motion by t h e  i n e r t i a  of 
t h e  mechanism. 
The l i n k s  a r e  strain-gauged t o  allow measurement of 
t h e  decentering force ,  a s  wel l  as the  torque due t o  
f l u i d  f r i c t i o n .  The proximity probes and accelerom- 
eters mentioned above a r e  mounted on a s p l i t  circum- 
f e r e n t i a l  band t h a t  supports t h e  s e a l  c a r r i e r ;  the  
padeyes f o r  t h e  l i n k s  a r e  welded t o  t h i s  band. This 
method of supporting t h e  s e a l ,  i n  place of d i r e c t  
attachment t o  t h e  s e a l  c a r r i e r ,  i s  required t o  ensure 
complete a x i a l  symmetry i n  t h e  s e a l  c a r r i e r .  Lack of 
symmetry i n  t h e  s e a l  c a r r i e r  cross  sec t ion  i s  a p t  t o  
lead t o  d i s t o r t i o n  of t h e  f langes under t h r u s t  loading, 
which must be avoided owing t o  t h e  very small f i l m  
thicknesses of the  t h r u s t  bearings, 
The hollow, stepped test s h a f t  runs i n  preloaded 
angular contact  b a l l  bearings having an i n t e r n a l  
diameter of 30 mm. Two opposed bearings a r e  located  
a t  the  damstream end, A t  the  upstream end, a s i n g l e  
upstream bearing is  preloaded agains t  a p a i r  of down- 
stream bearings t o  increase  t h e  t h r u s t  capacity which 
is required t o  r e s i s t  the  unbalanced pressure  load on 
a narrow s h a f t  shoulder j u s t  ahead of the  test seal. 
The bearings a r e  supplied by SKI?. 
In  view of the  high s h a f t  r o t a t i n g  speed and t h e  high 
water pressure,  t h e  s h a f t  s e a l s  a r e  among t h e  most 
c r i t i c a l  components of the  test r i g .  A p a i r  of air- 
pressurized,  segmented carbon s e a l s  is  used a t  each 
end of t h e  s h a f t  t o  i s o l a t e  t h e  s h a f t  bearings an 
t h e i r  lubr icanr  from t h e  water, The downstrem 
bushing s e a l  provides c losure  of t h e  t e s e h m b e r  
against  presumably low pressure;  i t ,  too, makes use 
of carbon running on s t a i n l e s s  s t e e l ,  A leakage path  
out of the  test r i g  housing i s  provided; however, t h e  
s e a l  is designed t o  be capable of running dry without 
darnage, 
The g r e a t e s t  technical  challenge i s  posed by t h e  up- 
stream s e a l  which must contain t h e  maximum pressure  
sf  about 2200 p s i ,  This is  a f i lm-riding,  balanced 
bushing s e a l  t h a t  depends on Leakage p a s t  t h e  l i p  f a r  
lubr ica t ion ,  Z t  makes use of bronze and s t a i n l e s s  
s t e e l  a t  the  s l i d i n g  in te r face ,  
Or i f i ce  compensated hydros ta t ic  bearings a r e  incor- 
porated i n  t h e  r a d i a l l y  f l o a t i n g  s e a l  ts center  it on 
the  surface-hardened s h a f t .  The recesses  are supplied 
from t h e  pressurized water enter ing t h e  t e s t  r i g  
housing through th ree  r a d i a l  openings, 
A11 s e a l s  and hydros ta t ic  bearings were designed, and 
a r e  being b u i l t  by the  S te in  Seal  Company of Phila-  
de lphi  a .  
I n  o rde r  t o  miniat~iae t h e  d o m s t r e m  s t a g n a t i o n  pres-  
su re ,  t h e  water  emerging from t h e  t e s t  s e a l  i s  l e d  
I n t o  a  c i r cumfe ren t i a l  d i f f u s e r  from which i t  l e a v e s  
through s i x  t a n g e n t i a l l y  o r i en t ed  openings, It is  
caught i n  l a r g e  tubes and dumped i n  a pond, 
Considerable leakage must be accepted f o r  l u b r i c a t i o n  
of t h e  s e a l s  and h y d r o s t a t i c  bear ings :  about  1 0  gpm 
f o r  t h e  upstream s e a l ,  and 6 gpm f o r  each of t h e  
bearings.  Since only t h e  en t e r ing  flow can. be  mea- 
sured ,  by means of a  strain-gauged f l o m e t e r  v e n t u r i ,  
t h e  leakage flow must be  c o l l e c t e d  i n  55 g a l l o n  drums 
and measured a f t e r  t h e  test, t o  determine t h e  n e t  
flow through t e s t  s e a l ,  
Since t h e  t e s t  r i g  must be disassembled s e v e r a l  t i m e s  
f o r  i n s t a l l a t i o n  of d i f f e r e n t  damping s e a l s ,  i t s  wet 
i n t e r i o r  w i l l  b e  exposed t o  t h e  atmosphere, To pre- 
c lude  cor ros ion  which may depos i t  p a r t i c l e s  i n  t h e  
ve ry  smal l  s e a l  and bear ing  gaps, a l l  housing eom- 
ponents a r e  made from s t a i n l e s s  s t e e l ,  
The prime mover for t h e  test r i g  i s  a su rp lus  N G O  
Lycoming h e l i c o p t e r  gas t u r b i n e  wi th  a  maximm out- 
pu t  speed of 37,000 rpm, r a t e d  a t  500 HP, It was 
o r i g i n a l l y  intended t o  modify t h e  high-speed t u r b i n e  
s h a f t  so as t o  d r i v e  t h e  t e s t  s h a f t  d i r e c t l y ,  How- 
ever ,  t h i s  would have removed some of t h e  i n t e r n a l  
balance due t o  gear  t h r u s t  components, which would 
have shortened t h e  bear ing  life, Thus, loading  s f  
t h e  t u r b i n e  output  s h a f t ,  by such means a s  a hydrau- 
l i c  p u p  working a g a i n s t  a  r e l i e f  va lve ,  would be 
requi red ,  t oge the r  wi th  a hea t  exchanger, 
The complexity, c o s t  and time requi red  f a r  t h e s e  two 
modif ica t ions  were considered excess ive ,  The chosen 
a l t e r n a t e  approach is based on a s ingle-s tage  speed 
i n c r e a s e r  gear  box wi th  a l :6 .2  r a t i o ,  w i t h  t h e  ].ow 
speed inpu t  s h a f t  connected by a  sp l ined  sl-naft t o  t h e  
tu rb ine  output  s h a f t ,  and t h e  h igh  speed ou tpu t  s h a f t  
d r iv ing  t h e  t e s t  s h a f t  through another  s p l i n e  
connection. The gearbox, with s h a f t s  running i n  
hydrodynamic bearings, is  a modificat ion of a stan- 
dard u n i t  b u i l t  by Philadelphia Gear Corporation i n  
King of Pruss ia ,  Pennsylvania. 
Pressurized Water Supply 
The required flow of over 300 gpm, a t  pressures up t o  
2200 p s i ,  w i l l  be supplied by an  ex i s t ing  blowdown 
system o r i g i n a l l y  b u i l t  t o  simulate accident  condi- 
t ions  involving s a f e t y  r e l i e f  valves i n  nuclear power 
p lants .  Its main components a r e  a 340 cu f t  pressure 
vesse l  (Figs. 3 and 4) ,  and a p a i r  of gaseous n i t ro -  
gen s torage  tanks ra ted  a t  6000 p s i  (Fig. 5). I n  
order t o  extend t h e  run t i m e ,  these  tanks w i l l  be 
supplemented by two trailers carrying add i t iona l  ni- 
trogen b o t t l e s ,  supplied by NASAIMSFC. A t  t h e  maxi- 
mum flow r a t e ,  the  required i n l e t  pressure can be 
maintained f o r  nine minutes. 
The system schematic is shown i n  Fig. 6. The test 
r i g  supply l i n e  branches off  from t h e  ex i s t ing  10 
inch, carbon s t e e l  l i n e  from t h e  pressure vesse l  i n t o  
a set of f i l t e r s  provided t o  remove corrosion pro- 
ducts;  a l l  l i n e s  downstream of t h e  f i l t e r  are made of 
s t a i n l e s s  steel. A remotely actuated flow con t ro l  
valve and a flow meter a r e  provided t o  meter t h e  water 
flow. 
The water i n  t h e  pressure vesse l  is  brought up t o  t h e  
required temperature by passing steam through it from 
an ex i s t ing  bo i l e r .  Thermocouples a t  th ree  l e v e l s  
measure t h e  water temperature. 
With t h e  high s h a f t  speeds and s m a l l  c learances,  a 
f a i l u r e  of the  pressurized water supply could very 
quickly lead t o  ser ious  damage i n  the  seals and bear- 
ings of the  t e s t  r i g .  To p ro tec t  agains t  t h i s ,  an  
emergency water supply, consis t ing  of a high flow, 
low pressure cen t r i fuga l  pump and a rese rvo i r ,  is 
provided; i t  is i s o l a t e d  from t h e  high pressure sup- 
ply l i n e  by a check valve. An addi t ional  s a f e t y  
f e a t u r e  is  the  rapid response of t h e  hel icopter  
turbine  which, i n  i t s  usual  condiguration, can reach 
f u l l  speed i n  3.5 seconds, and even f a s t e r  when con- 
nected t o  t h e  low i n e r t i a  of t h e  test r i g .  It can be 
stopped very rapidly  by shu t t ing  off  the  f u e l  supply, 
which w i l l  be implemented by a solenoid-actuated 
valve control led  by an emergency button. 
Control and Instrumentation 
Test r i g  controls  have been purposely kept  simple. 
Variables control led  i n  preparat ion f o r  a test run in- 
clude ni trogen pressure,  pressure vesse l  water l e v e l  
and temperature, and flow r a t e  set point .  When a l l  
condit ions are f u l f i l l e d  water is  admitted t o  t h e  test 
r i g  by opening t h e  main shutoff  valve,  and t h e  turbine  
engine i s  s t a r t e d .  The turbine  speed is  control led 
manually through a valve t h a t  r egu la tes  t h e  f u e l  sup- 
ply. A manual switch then overrides the  cam l i m i t  
switch and i n i t i a t e s  t h e  decentering and re lease  of 
the  damping seal. The dynamic s t a b i l i t y  of t h e  damp- 
ing s e a l  i s  determined v i sua l ly  by monitoring, on a 
CRT, the  s e a l  displacement measured by t h e  proximity 
sensors. The turbine  i s  shut  down when o s c i l l a t i o n  
amplitudes a r e  seen t o  grow. Prese t  speed l i m i t s  a r e  
provided f o r  sa fe ly  approaching s t a b i l i t y  l i m i t s .  
Data recorded on magnetic tape  include turbine  rpm, 
water temperature, flow r a t e ,  test r i g  i n l e t  and dis-  
charge pressures,  and t h e  outputs of t h e  proximity 
gauges and accelerometers on t h e  damping s e a l  c a r r i e r .  
Current S ta tus  
Construction of the  t e s t  r i g  is  about t o  begin. The 
sp l ine  s h a f t s  connecting t h e  gearbox t o  the  test r i g  
and turbine  a r e  i n  design, as is  t h e  modification of 
the  standard gearbox. Modification of the  blowdown 
test f a c i l i t y  has begun. 
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